Purpose: The differentiation of oncocytoma from renal cell carcinoma (RCC) remains a challenge with currently available cross-sectional imaging techniques. As a result, a large number of patients harboring a benign oncocytoma undergo unnecessary surgical resection. In this study, we explored the utility of 99m Tc-MIBI SPECT/CT for the differentiation of these tumors based on the hypothesis that the large number of mitochondria in oncocytomas would lead to increased 99m Tc-MIBI uptake. Patients and Methods: In total, 6 patients (3 with oncocytoma and 3 with RCC) were imaged with 99m Tc-MIBI SPECT/CT. Relative quantification was performed by measuring tumor-to-normal renal parenchyma background ratios.
B
ecause of the growing use of cross-sectional imaging, the incidence of asymptomatic small renal tumors has risen steadily over the last several decades. 1, 2 Although most of these lesions represent renal cell carcinoma (RCC), up to 20% will be one of several benign histologies including oncocytoma, angiomyolipoma, metanephric adenoma, and mixed epithelial stromal tumor. 3 Among these lesions, oncocytoma is the most common, accounting for up to 15% of all renal tumors. Unfortunately, conventionally utilized imaging modalities are unable to reliably differentiate oncocytoma from RCC. 4, 5 As a result, many patients harboring an oncocytoma needlessly proceed to surgical resection. A recent estimate suggests that more than 5600 benign renal masses are resected yearly in the United States. 6 Compared with other renal masses, oncocytomas are unique in that at the ultrastructural level, these tumors are composed of cells with numerous densely packed mitochondria. 7, 8 Taking advantage of this property, Gormley and coworkers 9 tested whether oncocytomas could be differentiated from other renal tumors using the mitochondrial imaging agent 99m Tc-MIBI. To this end, the authors studied 6 patients with renal tumors (1 oncocytoma, 1 angiomyolipoma, 1 simple cyst, and 3 RCCs) using planar 99m Tc-MIBI imaging. 9 Compared with the adjacent normal renal parenchyma, the 1 oncocytoma showed a 1.44-fold increase in MIBI uptake. In contrast, the 5 other lesions appeared photopenic (range of uptake ratios, 0.55-0.86). Although this latter finding is consistent with the handful of other studies that have described RCCs as poorly avid for 99m Tc-MIBI, [10] [11] [12] [13] this remains the only known report of an oncocytoma imaged with 99m Tc-MIBI. Combined, the previously cited data provide strong preliminary support for the use of Tc-MIBI imaging to aid in the differentiation of oncocytomas from other renal masses. Herein we expand on the existing literature by reporting our initial experience imaging renal tumors, including 3 biopsy-proven oncocytomas, using 
PATIENTS AND METHODS

Study Cohort
After institutional review board approval, 3 patients with a history of oncocytoma on previous percutaneous needle biopsy were consented to undergo 99m Tc-MIBI SPECT/CT imaging. In addition, 3 patients with unknown renal masses who elected surgical resection were consented to undergo imaging within 1 week before surgery. Both biopsy and resection specimens were centrally reviewed by 2 pathologists with expertise in genitourinary pathology. Notably, the 3 patients who underwent surgical resection were found to have RCC on final pathology. Table 1 provides details of the study cohort.
Imaging Protocol
Patients were kept nil per os for approximately 6 hours and then intravenously administered 925 MBq (25 mCi) of 99m Tc-MIBI. Immediately after radiotracer injection, 30 dynamic 1-minute planar frames were acquired with a 64 Â 64 pixel matrix size using a Siemens Symbia 16-slice SPECT/CT (Erlangen, Germany) system with low-energy high-resolution collimators. This dynamic phase was then followed by a 28-minute SPECT/CT acquisition. SPECT imaging was acquired initially in step and shoot mode at 28 seconds per step with 60 steps. Detector range was set to 180 degrees per detector. CT images were acquired at 130 kV and 90 mA with dose care modulation enabled. The 3-mm axial images were reconstructed for both SPECT and CT data sets. The first patient demonstrated high renal parenchymal background uptake after directly starting SPECT/CT acquisition post planar imaging. As such, it was postulated that a delayed SPECT acquisition would potentially be of value. Hence, an additional 17-minute SPECT was acquired immediately after the first SPECT (step and shoot mode at 17 seconds per step with 60 steps and 180 degree detector range), and the relative tumor-to-background ratio appeared to visually improve. For the sake of consistency and visual diagnostic accuracy, all future patients underwent 30 minutes of planar dynamic imaging directly after injection followed by a 17-minute SPECT/CT at 75 minutes after injection (Fig. 1) . The length of the 45-minute delay between the dynamic and SPECT acquisitions was chosen as a compromise between maximizing tumor-to-background ratio and still maintaining a reasonable workflow and overall study time.
Image Analysis
SPECTand CT images were exported to a Mirada Medical workstation (Oxford, United Kingdom). Manual rigid registration with the Mirada software was used to optimally register the SPECT and CT images. The images were reviewed by 2 readers with expertise in nuclear medicine imaging and consensus as to the location of the mass, and the highest uptake site within the mass and the ipsilateral normal renal parenchyma was reached. Renal parenchymal uptake was determined by manual placement spherical volume of interest within the consensus highest uptake portion of the normal parenchyma on the attenuation corrected SPECT images. Tumor uptake was similarly determined through an analogous placement of a spherical volume of interest within the highest uptake portion of the tumor, again using the attenuation corrected SPECT images. Maximum uptake values were recorded for the normal parenchyma and tumors. Relative tumor uptake values were calculated from the ratios of maximum tumor uptake to maximum normal renal parenchymal uptake.
RESULTS
Dynamic Planar Imaging
The dynamic planar images of the 3 patients with known oncocytomas were qualitatively reviewed. The 2 larger oncocytomas demonstrated relative photopenia in the locations of the tumors on early dynamic images with gradual fill-in to approximately the uptake level of the background renal parenchyma or higher at the end of the dynamic phase (Fig. 2) . The smallest oncocytoma imaged (patient 2) was difficult to resolve on the dynamic planar images, emphasizing the importance of the subsequent SPECT acquisition. The planar images for the patients with RCC were also reviewed, and for those masses large enough to resolve on the planar imaging, the early appearance was similar to that for oncocytoma with relative photopenia. However, later fill-in with radiotracer was not visually observed (data not shown). A final observation from the dynamic planar images is that a fraction of the injected 99m Tc-MIBI quickly washes through the kidneys and is excreted into the urine, whereas the majority of the radiotracer that reaches the kidneys accumulates in the renal parenchyma and is not washed out. Indeed, at the end of 30 minutes of dynamic images, there was no qualitative evidence of radiotracer within the renal collecting systems. These observations have previously been suggested in work that evaluated the utility of 99m Tc-MIBI as a renal functional imaging agent. 14 
SPECT/CT Imaging
The 3 known oncocytomas demonstrated maximum radiotracer uptake similar to or above uptake levels within the adjacent renal parenchyma (average tumor uptake, 1.19; range, 0.85-1.78; Table 1 ; Fig. 3 ). In 2 of the patients with oncocytomas, prominent hypoenhancing central scars were observed on separate contrast-enhanced CT scans, and these were also well appreciated as prominent central photopenic defects on 99m Tc-MIBI SPECT/CT (patients 1 and 3, Fig. 3 ). In contrast to the oncocytomas, the 3 RCCs were markedly photopenic relative to the background renal parenchyma, with an average tumor uptake of 0.26 (range, 0.21-0.31; Table 1 ; Fig. 4 ). This equates to a greater than 4-fold increase in relative uptake between oncocytoma and RCC, further reinforcing the utility of qualitative assessment of tumor uptake differences.
DISCUSSION
The results of this study highlight a potential role for Tc-MIBI uptake near or above that of the background normal renal parenchyma, whereas the pathologically proven RCCs were markedly photopenic. Although this small pilot study is not powered to detect a statistically significant difference between the relative uptake values of the oncocytomas and the RCCs, our observations seem to indicate a profound difference in the 99m Tc-MIBI uptake behavior of these 2 types of renal masses. The total uptake difference between the oncocytomas and RCCs was large enough that visual analysis could reliably differentiate the lesions (Figs. 3, 4 ) without having to rely on relative quantitative assessment. Among the imaged oncocytomas, there was a relatively wide range of uptake values relative to the normal renal parenchyma. The reason for these uptake differences among tumors of the same histologic type is not immediately apparent. Interestingly, the oncocytoma with the most elevated uptake (patient 1) was also the largest tumor imaged and was 1 of the 2 tumors with a prominent central scar on contrast-enhanced CT and the SPECT portion of our study. Whether some aspect of an oncocytoma that would cause it to grow to a large size or develop a central scar would also lead to increased 99m Tc-MIBI uptake will require further investigation. Of note, the 99m Tc-MIBI-avid oncocytoma reported by Gormley et al 9 was also quite large.
There may be multiple factors that play a role in the differential uptake of 99m Tc-MIBI between oncocytomas and RCCs. First, as suggested previously, oncocytoma cells are packed with sheets of morphologically normal-appearing mitochondria. 7, 8 Given the affinity of positively charged 99m
Tc-MIBI for the negative charge potential across the mitochondrial membrane, high uptake of 99m Tc-MIBI in cells with a high mitochondrial load would be expected. In keeping with this, it is also noteworthy that RCCs have been demonstrated to contain decreased amounts of some mitochondrial proteins in comparison to the normal kidney, 15 which may reflect abnormal mitochondrial structure and function.
A second mechanism for the differential appearance of oncocytomas and RCC on 99m Tc-MIBI imaging may be related to the presence of multidrug resistance (MDR) pumps on RCCs. These proteins are known to be highly expressed in RCC (notably in subtypes originating from the proximal tubule) as compared with oncocytoma, 16, 17 which is a known mechanism for the elimination of MIBI from cells. 18 In fact, metastatic RCC have been noted to express high levels of MDR proteins to the extent that imaging 99m Tc-MIBI uptake within a lesion can be used as a surrogate measure of the effectiveness of MDR blocking compounds that have been explored to improve the efficacy of cytotoxic chemotherapy. 10, 11 Thus, it seems likely that the observed photopenia of the RCCs may at least partly derive from the active excretion of the radiotracer by the MDR proteins in their constituent cells.
Regardless of the exact mechanism underlying the significant difference in 99m Tc-MIBI uptake between oncocytomas and RCCs, this finding could prove to be of great value in the future noninvasive evaluation of patients with solid enhancing renal masses. Given the inability of current anatomic imaging methods such as contrast-enhanced CT to reliably distinguish benign from malignant tumors, a definitive surgical [HE] Â20) (patient 1, white and black arrowheads). E, Axial contrast-enhanced T1-weighted MRI, axial SPECT (F), and axial SPECT/CT fusion images of a right medial interpolar oncocytoma (G) with an accompanying histologic image (H, HE Â20) (patient 2, white and black arrowheads). I, Coronal contrast-enhanced CT, coronal SPECT (J), and coronal SPECT/CT fusion images of a right lower pole oncocytoma (K) with a corresponding histologic image (L, HE Â20) (patient 3, white and black arrowheads).
pathology diagnosis is often required with a tacit acceptance that a measurable percentage of patients undergoing resection will have had an unnecessary major surgery. However, our results suggest that a simple imaging study with 99m Tc-MIBI may be able to preoperatively identify those patients harboring an oncocytoma, thus sparing them from an unnecessary surgery.
Limitations of our study include the small sample size and the fact that we did not image all histologic variants of RCC. Of particular interest are the imaging characteristics of papillary and chromophobe RCC, both of which can contain varying amounts of oncocytic cells. To more rigorously assess the diagnostic accuracy of this imaging modality, we have initiated a clinical trial (ClinicalTrials.gov identifier NCT02160925) to prospectively study a large series of patients with clinical T1 renal tumors scheduled to undergo surgical resection. We expect to report the results of this trial by late 2015.
